Serpentinization of olivine-rich troctolite from core 227, Integrated Ocean Drilling Program (IODP) Hole U1309D ranges from 510% to 490%. Two episodes of serpentinization are recognized. The first, dominant in weakly serpentinized samples, is an approximately isochemical (except for water) replacement of olivine (Fo 848 5 ) by a mixture of serpentine (antigorite, Mg-number 92) and brucite (amakinite-rich; Mg-number 65). The compositions of the minerals in type 1 veins are a reflection of Fe^Mg exchange between olivine and the brucite þ serpentine formed during early serpentinization. The early serpentinite veins (type 1) are thin (50Á05 mm), irregular, and exploit pre-existing cracks in olivine. The presence of antigorite suggests that early serpentinization occurred at T43008C. Type 1 veins reflect rock-dominated serpentinization, became isolated early in their history, and persist as relicts in all but the most altered samples. The main episode of serpentinization is manifested by through-going lizardite (average Mg-number 96)m agnetite veins (type 2). Type 2 veins define an anastomosing foliation, may be several millimeters in width and appear to exploit pre-existing, favorably oriented type 1 veins.Type 2 veins reflect opensystem serpentinization. Magnetite in these veins formed by oxidation of the Fe in brucite and serpentine, whereas addition of silica to the system converted the Mg-component of the brucite to serpentine. Magnetite forms one or more distinct bands in the interior of the vein and is never in direct contact with relict olivine. A brucite^serpentine mixture, similar to that found in type 1 veins, but with lizardite instead of antigorite, is commonly present at the margins of type 2 veins (i.e. where they are in reaction contact with relict olivine). We interpret type 2 veins as a steady-state system where brucite continually forms at the olivine^vein contact and then reacts out in the interior of the vein. This continual formation and destruction of brucite imposes an exceptionally low a SiO 2 on the system. Magnetite and olivine are never in contact in type 2 veins (or anywhere else) because the olivine-out reaction yields ferroan brucite and not magnetite. The desilication of serpentine in the type 2 veins is a reflection of the inherent instability of Fe-rich serpentine with respect to magnetite at low silica activity.Thus, the composition of serpentine in equilibrium with magnetite in serpentinites is a function of serpentine^magnetite and not serpentine^olivine equilbria.
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I N T RO D UC T I O N
Some of the most extreme geochemical environments on Earth are associated with the serpentinization of olivine. Serpentinization is associated with strongly reducing conditions that lead to the generation of H 2 , a fluid pH that ranges from 3 (at high temperature) to 12.5 (at low T), and among the lowest a SiO 2 in terrestrial silicate systems (Coleman, 1963; Barnes & O'Neil, 1969; Frost, 1985; Abrajano et al., 1988; Peretti et al., 1992; Muntener & Hermann, 1994; Charlou et al., 1998 Charlou et al., , 2002 Beard & Hopkinson, 2000; Allen & Seyfried, 2003; Mottl et al., 2004; Palandri & Reed, 2004; Shervais et al., 2005; Frost & Beard, 2007) . As a consequence of this there are minerals (e.g. brucite, hydrogarnet) and mineral assemblages (e.g. awaruite^andradite, which pairs a ferric iron garnet with a metallic iron alloy; e.g. Frost, 1985) found in serpentinites that occur almost nowhere else on Earth. Additionally, there is growing recognition that hydrothermal vents associated with serpentinizing rocks may have played a key role in the genesis of life in the early oceans (Sleep et al., 2004; Russell & Arndt, 2005) .
Most serpentinites contain magnetite. Frost & Beard (2007) argued that magnetite formation was a direct consequence of the instability of ferroan serpentine at low a SiO2 . More recently, Evans (2008) has argued that magnetite forms because the Fe^Mg exchange between olivine and serpentine during serpentinization requires that the serpentine be more magnesian than olivine. Magnetite is important, not only for understanding serpentinite geochemistry (e.g. magnetite formation is largely responsible for the reducing conditions that characterize actively serpentinizing systems), but also for understanding magnetization of serpentinite. In particular, Toft et al. (1990) have suggested that the observed lag between the onset of serpentinization (as indicated by a drop in density) and the production of modal magnetite (as indicated by magnetic susceptibility) is a consequence of a multi-stage serpentinization in which magnetite formation is delayed. Bach et al. (2006) proposed a two-stage process involving early formation of ferroan brucite and subsequent oxidation^silicifica-tion (during late fluid influx) of the brucite to magnetite plus serpentine that could account for the magnetic and density characteristics of serpentinized peridotites drilled at Ocean Drilling Program (ODP) Site 1274.
In this study we describe a sequence of serpentinized olivine-rich (70^90% olivine) troctolites from Integrated Ocean Drilling Program (IODP) Hole U1309D. Detailed examination of several samples from this core allows us to constrain several aspects of the timing and progression of serpentinization. In particular, we demonstrate that magnetite in serpentinites forms via a two-stage process as a consequence of both oxidation^silication of brucite and oxidation^desilication of ferroan serpentine (e.g. Frost & Beard, 2007) .
S E T T I N G A N D S A M P L E S
IODP Hole U1309D was drilled during IODP Expeditions 304 and 305 , and is located on the Atlantis Massif at 30810Á12'N, 4287Á11'W on the western rift flank of the Mid-Atlantic Ridge (Fig. 1a) . The Hole penetrates 1415 m of mostly (490%) gabbroic rocks including olivine gabbro, gabbronorite, oxide gabbro, and troctolite, along with lesser amounts of peridotite (a few tens of centimeters) and diabase. Recovery was 75%. The gabbroic rocks include some of the most pristine and primitive ever sampled in the ocean basins Ildefonse et al., 2006) . Some troctolites are very rich in olivine, with modal olivine approaching 90%. In this study, we examine the serpentinization and associated alteration of the olivine-rich troctolites from core U1309D 227R-3 (Fig. 1b) .
Cores U1309D 227R-2 and U1309D 227R-3 preserve a zone of serpentinization in olivine-rich (80^90% olivine) troctolites where relatively unserpentinized (i.e.510% serpentine) troctolite progressively grades into almost completely serpentinized rock and grades out again to relatively unserpentinized rock. We selected four samples from core U1309D 227R-3 that represent the sequence from most to least altered (Fig. 1b) .
P E T RO G R A P H Y Overall
Four samples from a 70 cm length of core U1309D 227R-3 (henceforth referred to as core 227R-3) were analyzed in detail. Serpentinization ranges from 510% in the sample from 69^71cm to $30% in the sample from 41^43 cm to $70% in the sample from 14^16 cm and to 490% in the sample from 2^4 cm (Figs 1b and 2a^d) . The degree of serpentinization is inhomogeneous on the thin-section scale. The estimates reflect an average value, but, particularly in the moderately serpentinized samples, there is grain-tograin variation in the degree of serpentinization. Overall, we interpret the samples as representative of progressive serpentinization of the olivine-rich troctolite.
Early intra-olivine veins (type 1) (early or incipient serpentinization)
These narrow (50Á05 mm wide) and irregular veins form a network within single olivine grains ( Fig. 2a and b) . They are the commonest vein type in weakly serpentinized samples. Type 1 veins are brownish in color, usually free of opaque phases (but see Fig. 2c ), and rarely pass from one olivine grain to another nor into any surrounding phases (Fig. 2a) . The color and textural characteristics of these veins are distinctive, and relict examples of type 1 veins have been identified in all but the most strongly serpentinized samples ( Fig. 2d and e) .
Late intergranular serpentine^magnetite veins (type 2) (main stage serpentinization)
In samples with 410% serpentinization, most serpentine is contained within intergranular, colorless serpentine veins (type 2 veins, Figs 2d^f). Type 2 veins range up to 1mm (or more) thick. They always cut across type 1 veins ( Fig. 2d and e) . Type 2 veins are commonly subparallel and may transect the width of a thin section or core, defining a mesoscopic foliation ( Fig. 2d and e) . In most cases, relict type 1 veins are oriented at high angles to type 2 veins ( Fig. 2d and e) . This suggests that type 2 veins exploited a weakness provided by pre-existing type 1 veins. A single relict olivine (or olivine pseudomorph) may be traversed by several type 2 veins (Fig. 2d^f) . The parallelism of the type 2 veins yields an unusual mesh texture (O'Hanley,1996) , with lensoidal fragments of relict olivine defining the mesh centers (Fig. 2e) . Type 2 veins commonly traverse olivine^olivine grain boundaries without interruption. The mineralogy of the vein changes when plagioclase is traversed (Fig. 2e, see below) . Unlike type 1 veins, type 2 veins are almost always associated with magnetite. Magnetite occurs as one or more bands located towards the center of the type 2 vein. These bands are sometimes disposed symmetrically about the center of the vein (Fig. 2f) . Veins transitional between types 1 and 2 contain a narrow, magnetite-bearing band in the center of an otherwise typical type 1 vein (Fig. 2c) .
Progressive alteration of plagioclase
In the least altered rocks, plagioclase alteration is limited to thin plagioclase^olivine reaction zones. These zones are equivalent to, but less well-developed than, the chloritet remolite reaction zones found in olivine gabbros throughout the U1309D core Frost et al., 2008) . Chlorite forms a continuous, thin ($0Á01mm) rim around plagioclase. The chlorite rims extend as veins along olivine grain boundaries and connect with reaction rims in nearby plagioclase grains. Tremolite forms finegrained needles that grow outward at high angles from the chlorite zone, forming acicular sprays in adjacent olivine (Fig. 3a) .
In the more altered samples, plagioclase alteration is closely associated with type 2 serpentine veins. Where type 2 veins intersect plagioclase, the feldspar is altered to low-silica phases including prehnite and, in more altered samples, hydrogrossular ( Fig. 2d and f) . In the most serpentinized rocks, plagioclase may be completely pseudomorphed by a complex mineral assemblage dominated by chlorite and hydrogrossular (Figs 2f and 3b) .
To determine which serpentine minerals are present in the core 227 samples, Raman spectra were collected from three samples ranging from weakly (sample 69^71) to strongly (sample 14^16) serpentinized. We performed micro-Raman analysis with a WiTec Alpha300R confocal Raman microscope using a green laser (532 nm), a 2Á1 mW excitation power, and a 0Á5 s integration time. The microscope on the system was enhanced with a transmission-light source to augment the reflected light (standard) observation of samples, making it possible to distinguish the brown type 1 veins containing iron-rich brucite from colorless to green type 2 serpentine veins. Signals from the glass slides and epoxy mounting medium were obtained beforehand as a blank analysis. We subtracted the interfering signal (and corrected for background aberrations) using the Grams software package (Thermo Fisher Scientific Inc., Waltham, MA).
Spectra from type 1 veins in sample 69^71cm indicate that the serpentine in these veins is antigorite ( Fig. 4a ; Table 1 ). Raman data from samples 14^16 cm and 41^43 cm indicate that the serpentine in the younger, type 2 veins is largely lizardite ( Fig. 4b ; Table 1 ). In some samples, especially towards the margins of veins, the lizardite may be a replacement of antigorite (Fig. 4b) .
A weak brucite Raman signal is detectable in type 1 veins, with an apparent concentration of brucite near the olivine^vein contact. Although brucite^serpentine intergrowths are identified from chemical data at the margins of some type 2 veins (Table 2 and of brucite in type 2 veins could not be confirmed from the Raman spectra. The overall poor quality of the brucite signal in the U1309D samples may be caused by the presence of a significant iron (amakinite) component.
M I N E R A L O GY Methods
Minerals were analyzed by electron microprobe in the Department of Geological Sciences at Virginia Tech. Analyses were carried out using a focused 3 mm beam at 15 kV and 20 nA, and standardized to natural oxide and silicate standards.
Primary mineralogy
The original mineralogy consists of 75^90% olivine (Fo 84^85 ), 10^25% plagioclase (An 77^82 ), 1^5% clinopyroxene (En 46^49 Fs 6^8 Wo 43^48 ) and $1% Cr^Al^Mg^Fe 2þ spinel. Olivine and plagioclase are progressively altered during serpentinization. Spinel is unaltered. Clinopyroxene is fractured where intersected by alteration veins, but chemically unaltered. Primary sulfides include pyrrhotite and pentlandite. Most primary pentlandite grains contain some (2^5%) Cu, some contain substantial Co (up to 1Á6%).
Type 1 serpentine veins
Microprobe analyses of type 1 serpentine veins indicate that the veins are submicron-scale mixtures consisting of serpentine and Fe-rich brucite. The nature of this mixture is evident from Fig. 5 . Microprobe analyses lie along a straight line connecting stoichiometric serpentine and stoichiometric brucite (Fig. 5a ). This relation means that the iron in the serpentine is mostly ferrous. If a substantial part of the iron were dioctohedral ferric iron, the regression would not intersect the y-axis at brucite. The linear trend in Fig. 5b When the Si^Mg line is extrapolated to end-members, it appears that the serpentine end-member has Mg-number 92 whereas the Mg-number of the brucite end-member is 64^65 (Fig. 5b) . Type 1 veins are Al-poor (50Á2 wt %) compared with type 2 vein serpentines ( Table 2 ).
The stoichiometry of the average of type 1 vein analyses from the least serpentinized sample is very similar to that of the average olivine from this sample (Fig. 5c) . The slightly more silicic character of the veins may reflect the concentration of brucite near the olivine^vein contact (see Raman data). Given that the veins are so narrow, microbeam analyses tend to be of the central areas of veins, and hence brucite-rich areas may be underrepresented.
The approximate isochemical serpentinization reaction is
When this reaction is mass balanced using serpentine with Mg-number 92 to reconstruct the average (Fo 85 ) olivine composition, the calculated brucite composition (Mgnumber 64) is near that predicted by the extrapolation in Table 2 ).
Type 2 serpentine veins
Most serpentine in type 2 veins is nearly stoichiometric (Fig. 6a) . Mg-number averages 96 (Table 2) . Al 2 O 3 is substantially higher than in the type 1 veins, averaging nearly 1wt % and rarely ranging as high as 3Á6 wt %. Al in this serpentine appears to reflect a Tschermak's substitution towards amesite (Fig. 6b) .
Unlike the material in type 1 veins, typical type 2 serpentine does not lie along a brucite^serpentine mixing line. Instead, most of the variation in þ2 cations appears attributable to the Tschermak's trend combined with an Feoxide mixture, or perhaps more probably, a cronstedtite (ferri-Tschermak's) substitution (Fig. 6a^c; Evans, 2008) . Also unlike type 1 veins, most of the variation in Mg content can be accommodated by serpentine solid solutions (e.g. with greenalite and/or Mg-cronstedtite; Fig. 6c) .
Analyses from the margins of type 2 veins proximal to relict olivine, however, have chemical characteristics similar to type 1 veins. In particular, they plot near or along the brucite^serpentine mixing line (Fig. 6d ). Ant, antigorite; Lzd, lizardite, Chr, chrysotile. Ã Data source Rinaudo et al. (2003) . yData source Auzende et al. (2004) . zData source Kloprogge et al. (1999) .
Cl in serpentine veins
The distribution of type 1 veins in the least serpentinized samples is faithfully reproduced by a map of Cl distribution (Fig. 7a ). In the more serpentinized samples, Cl behavior is more complex. Cl-rich late veins and Cl-rich chlorite occur in many of the strongly serpentinized samples. Some type 2 veins are complexly zoned in Cl. However, the typical zoning pattern has the margins of the type 2 veins (i.e. the part of the vein next to olivine) enriched in Cl, whereas the center of the vein is slightly depleted in Cl (Fig. 7b) . In strongly serpentinized samples, relict olivine grains may have a Cl-rich corona, even if the relict grains have little obvious relationship to any overall vein structure (Fig. 7c) . Serpentine analyses from the Cl-rich coronas and from the Cl-rich margins of type 2 veins are similar to those from the 'serpentine' in type 1 veins. In particular, they plot along the brucite^serpentine mixing line (Fig. 6d) .
Prehnite
In the least serpentinized sample (69^71cm), prehnite ( 
Hydrogarnet
Hydrogrossular (73^99% Gr) and hydroandradite (rare; 70^80% And) ( Table 2) have been identified as replacements of plagioclase in strongly serpentinized samples. In samples containing both hydrogarnet and plagioclase, the two phases are generally separated by prehnite. Hydrogen substitutes for between 5 and 30% of the silica in the hydrogarnets (Fig. 8) , which is fairly typical for serpentinites (Onuki et al., 1981; Beard & Hopkinson, 2000) . Hydrogen in hydrogarnet is estimated from difference and subject to large error. Most analyses lie below the substitution curve in Fig. 8 , suggesting that the microprobe totals for the hydrogarnets might be high. The presence of both hydrogrossular and hydroandradite in these samples is somewhat unusual and probably represents local and variable microenvironments. Chlorite Chlorite in the core 227R-3 samples is always associated with plagioclase. In the least altered samples, it occurs as thin rims separating olivine and plagioclase. This chlorite is a magnesian (Mg-number 485) and silicic clinochlore (Table 2 , Fig. 9a and b) . These rims persist and thicken throughout serpentinization. In the most serpentinized samples, chlorite is part of the mineral assemblage that replaces plagioclase. This chlorite is approximately clinochlore, with some analyses having elevated Al and trending toward amesite (Fig. 9a) . Most notably, these chlorites are all substantially richer in Fe (and Mn) than the chlorite rims ( Fig. 9c and d) . A few analyses have Mg-numbers as low as 10 (Fig. 9c) . The latest-formed chlorite approaches Fe-amesite in composition (Fig. 9a) . It occurs in a vein cutting across a plagioclase pseudomorph (Fig. 3b) .
Tremolite
The amphibole associated with the early formed chlorite rims is close to end-member tremolite (Table 2 ). In particular, it should be noted that is not a significant sink for Na derived from reactant plagioclase.
Oxides
End-member magnetite is the only oxide formed during serpentinization. It occurs in type 2 serpentine veins and is most abundant in strongly serpentinized samples. Magnetite also occurs as a replacement of primary sulfide minerals.
Sulfides and metals
Wairauite (FeCo) was found in samples 227R-3, 41^43 cm and 227R-3, 14^16 cm. Awaruite (Ni 2^3 Fe) was found only in 227R-3,14^16 cm. These metals occur in association with magnetite in type 2 serpentinite veins. They are never found in type 1 veins. Native copper has been tentatively identified in all samples. No other metals were found in 227R-3, 69^71cm or 227R-3, 2^4 cm. Unusual, unidentified low-sulfur sulfides were found in association with magnetite in serpentine veins in sample 227R-3, 2^4 cm. These, like the metals, are extremely fine-grained and difficult to analyze. They may be mixtures or intergrowths. Primary sulfides are altered to valeriite (rare) and magnetite (common).
D I S C U S S I O N
Type 1 (antigorite^brucite) veins formed in a largely isolated, rock-dominated system. Type 2 (magnesian lizardite^magnetite) veins reflect continuing serpentinization 
The brucite^serpentine silica buffer lies at three log units below quartz at 2008C, among the lowest a SiO2 seen in any terrestrial silicate system. For comparison, the desilication of plagioclase to grossular occurs less than one log unit below quartz (Frost & Beard, 2007) . The Fe-brucite^mag-netite oxygen buffer has not been experimentally documented, but, when calculated, lies at or below ironm agnetite, although it is apparently metastable with respect to that assemblage (Bethke, 2005) .
Early serpentinization, type 1 veins
Type 1 antigorite^brucite veins are, except for water and minor Cl, approximately isochemical replacements of their host olivine. They represent what may be the extreme case of serpentinization in a rock-dominated system. Several inferences can be drawn from the petrography, mineralogy, and chemistry of the type 1 veins. First, they were cut off from any significant external source of silica or, indeed, any other component, except water. Second, access of water to the system was limited. To a first order, this is reflected by the limited size of the veins themselves. The lack of material access to the system explains why type 1 veins are so narrow (usually 0Á005^0Á02 mm; e.g. Fig. 2b )çthe material for vein growth was simply not available beyond a certain point in their growth history. The high Cl content of serpentine in the type 1 veins (Table 2) can be interpreted as reflecting crystallization in the presence of an increasingly concentrated brine. Relict type 1 veins maintain their chemical integrity in strongly serpentinized rocks (Fig. 6d) , suggesting that the chemical isolation is robust and can be long-lived. Finally, the presence of antigorite requires that the early serpentinization occurred at relatively high temperature, at least 3008C and, conceivably, up to 5008C (Evans, 2004) .
Evans (2008) has proposed a major role for Fe^Mg exchange in producing the mineral compositions observed during serpentinization, specifically, the composition of serpentine in equilibrium with magnetite. We agree that this exchange is important during serpentinization, but propose, instead, that the manifestation of Fe^Mg exchange during serpentinization is the relatively Mg-rich serpentine coexisting with relatively Fe-rich brucite observed in type 1 veins.
These observations are consistent with a system that, once it formed, was quickly isolated. Our preferred interpretation of type 1 veins is that they formed as water penetrated pre-existing (contraction?) cracks in olivine. Once hydration and consequent expansion began, the cracks were quickly sealed. They remained sealed both during the later stages of hydration and long after hydration ceased. In strongly serpentinized rocks, relict type 1 veins are always at high angles to type 2 veins. This suggests that type 2 veins, which have a strong preferred orientation, developed by exploiting and expanding favorably oriented type 1 veins.
Main stage serpentinization (type 2 veins) and the formation of magnetite
The structure and composition of type 2 serpentine veins suggest that their formation can be modeled as a twostage process. Although two principal reactions (olivine ¼ brucite þ serpentine and brucite ¼ serpentine þ magnetite) can be recognized, it is important to note that the reactions are going on simultaneously, with olivine reacting out at the vein edge and earlier-formed brucite reacting out within the vein. Key observations are: (1) serpentine in type 2 veins is lizardite, suggesting that temperatures were lower than those experienced during type 1 vein formation; (2) the margins and other parts of the type 2 veins in contact with relict olivine are brucite^serpentine mixtures similar to type 1 veins, except that the serpentine is lizardite (Tables 1 and 2 ; Figs 6d and 7b, c); (3) magnetite in type 2 veins tends to be concentrated in vein centers and is never in contact with olivine ( Fig. 10a and b) ; (4) away from olivine contacts, serpentine in type 2 veins is magnesian (Mg-number 96, on average), approximately stoichiometric, and free of brucite ( Fig. 6a and c) ; (5) iron^nickel and iron^cobalt alloys occur exclusively in association with magnetite in type 2 veins, suggesting that the most reducing conditions were associated with magnetite formation. Implicit in this model is that the composition of magnesian serpentine in type 2 veins reflects magnetite^serpentine equilibrium and not the olivine^serpentine Fe^Mg exchange suggested by Evans (2008) . The paragenesis of type 2 veins can be modeled as a series of reactions beginning with the type 1 vein assemblage and ending with the type 2 assemblage. In Table 4 , the reaction and recrystallization of the type 1 assemblage is represented by the brucite-out reaction [ Fig. 3a ) is magnesian. Later chlorite, specifically that which pseudomorphs plagioclase, is Fe-rich, sometimes extremely so. (d) Mn vs Fe. These elements are strongly correlated. MnO contents of 43% occur in some Fe-rich chlorites.
reaction (1)] and the consequent adjustment of the resultant serpentine composition [ Table 4 , reaction (2)]. Brucite-out requires the oxidation of the Fe component of the brucite to magnetite and the silicification of the Mg component to serpentine. The overall serpentine composition must then be adjusted to accommodate the Mg from brucite-out. These two reactions require the addition of silica. The immediate source of the extra silica required to convert brucite to serpentine is the fluid. Thus, by implication, the conversion of brucite to serpentine þ magnetite requires a high fluid flux. The ultimate source of the silica is a matter of speculation. One candidate is silica derived from plagioclase-out reactions.
A problem arises in that, even assuming that all Fe in brucite goes to magnetite and all Mg into serpentine, the serpentine that is a product of the brucite-out reaction is less magnesian (Mg-number 93Á5) than the average serpentine in type 2 veins (Mg-number 96) (e.g. Tables 2 and  4) . To remedy this, a desilication reaction of the type
must occur. It is important to note that the assemblage brucite þ serpentine is continuously forming from olivine at the edges of type 2 veins throughout their growth history. The desilication of Fe-serpentine is consistent with the silica activities imposed by the brucite^serpentine assemblage. It reflects the inherent instability of ferrous silicates in general with respect to magnetite at the silica activities imposed by the serpentine^brucite buffer (Frost & Beard, 2007) . A consequence of magnetite formation is the imposition of exceptionally reducing conditions on the system. This is exemplified by the presence of iron alloys, which occur exclusively in association with magnetite in type 2 veins. This contrasts with type 1 veins, in particular, which show no evidence of either externally derived silica or of particularly reducing conditions.
In the core 227R-3 samples, magnetite is nowhere in contact with relict olivine (Fig. 10a and b) , a common observation in serpentinized peridotites (Viti & Mellini, 1998; Oufi et al., 2002; Rumori et al., 2004; Bach et al., 2006) . This is consistent with the interpretation that magnetite is not forming directly from olivine, but rather from the early formed, brucite^serpentine assemblage. Furthermore, magnetite is not dispersed evenly throughout the type 2 veins, but concentrated in one or more discrete bands that are either central to the vein or disposed symmetrically about the center of the vein (Fig. 10c) . This distribution of magnetite in vein cores is seen even in the smallest magnetite-bearing veins (Fig. 2c) . The persistence of a central zone of magnetite in larger veins suggests that magnetite precipitation may be concentrated in vein centers by favorable nucleation on extant magnetite crystals. Multiple, symmetric bands of magnetite in some veins may form in response to multiple cycles of reaction or when the energetics of transport over distance exceed those of favorable nucleation on existing, but distant, sites. The symmetry of the bands would seem to favor the former interpretation (Fig. 10c ). 
Net reaction:
End: type 2 veins 0Á90 0Á10
Reactions (1) and (2) taken together represent the net result of brucite reacting out in this system. Reaction (3) reflects the adjustment of serpentine composition required to match observation in the core 227 rocks. The net reaction and reactions (1) and (3) are open system reactions that require net addition of silica, hence they do not sum to 1Á00. Figure 11 is a diagrammatic representation of the development of type 2 veins. As fluid penetrates a favorably oriented type 1 vein, brucite is destabilized and a magnetite^serpentine assemblage forms at the fluid^rock interface ( Fig. 11a and b) . As the vein grows, olivine at its margins continues to react to brucite^serpentine, which, in turn, reacts with the fluid phase to form serpentinem agnetite, with magnetite nucleating on pre-existing, older magnetite crystals now located in the center of the growing vein (Fig. 11c) . Multiple magnetite bands form as the vein grows. As temperature drops during the course of serpentinization the serpentine in the brucite^serpentine mixtures undergoes transition from the antigorite characteristic of type 1 veins to the lizardite characteristic of type 2.
Alteration of plagioclase
The earliest alteration seen in plagioclase (the chloritet remolite rims that form contemporaneously with type 1 veins) appears to reflect the reaction This reaction is very sensitive to a SiO 2 . At the a SiO 2 postulated for these rocks (i.e. log a SiO2 ¼^2 to^4), the reaction is strongly overstepped and the products are favored at any temperature below 6008C.
The bulk of plagioclase alteration in these samples represents progressive desilication (Frost et al., 2008) via the reactions
This desilication accompanies the main phase of serpentinization in the troctolites (type 2 veins) and occurs as a consequence of the low a SiO2 imposed by the bruciteŝ erpentine assemblage. These reactions are consistent with the observed replacement of plagioclase by chlorite in the more serpentinized samples. The high Fe content of the late chlorite suggests that the Fe component of serpentine is preferentially consumed in chlorite-forming reactions. The most aluminous chlorites are amesites formed during the final stages of plagioclase alteration. This may reflect, at least in part, excess alumina released during formation of hydrogarnet in the final stages of desilication (Frost et al., 2008) . All of the plagioclase desilication reactions are accompanied by a loss of Na from the system. There is no local sink for Na in any of the serpentinized troctolites. Na must be removed by the fluid phase, either out of the system altogether or, possibly, to be reprecipitated in another part of the gabbroic section, perhaps as zeolites or albite (e.g. Blackman et al., 2006) .
Magnetic characteristics of the Hole 1309 troctolites
A distinctive feature of the type 2 and larger type 1 veins in the olivine-rich troctolite is that they are generally cored with magnetite. It appears texturally that magnetite formed very early in the serpentinization, after the formation of the type 1 veins. This is important because the processes by which magnetite forms has become a matter of considerable discussion (Frost & Beard, 2007; Evans, 2008; Frost et al. 2008) .
One way to characterize the relation between serpentinization and the formation of magnetite is to plot the density of a group serpentinized peridotites against their magnetic susceptibility ( Fig. 12 ; Toft et al., 1990; Oufi et al., 2002; Bach et al., 2006 density of unaltered olivine-rich troctolite Fig. 12 . Grain density vs magnetic susceptibility plotted for the U1309D troctolites (filled circle) and other oceanic and alpine serpentinites (Toft et al., 1990; Oufi et al., 2002; Bach et al., 2006) . The olivinerich troctolites follow a path close to that predicted for simultaneous magnetite formation and serpentinization (dashed line).
arrays that show a distinct decrease in density before susceptibility increases. Toft et al. (1990) used this observation to argue that the process of hydration is decoupled from the processes that make magnetite. Bach et al. (2006) recognized a two-stage process of serpentinization similar to that described here, with early magnetite-free mesh giving way to a magnetite-bearing margin. They explained the relationship as reflecting a difference in water^rock ratios. Early serpentinization caused isochemical hydration of olivine forming brucite and serpentine that are Fe-rich. Later open-system serpentinization allowed access of silica from the outside (mostly produced by hydration of Opx) causing the Fe-rich brucite to react to magnetite þ serpentine.
We have included in Fig. 12 data for the susceptibility and density of olivine-rich troctolites from Hole U1309D. Because the olivine-rich troctolites have a primary density near that of peridotite, we contend that it is reasonable to compare the olivine-rich troctolites on this diagram with other peridotitic rocks. The olivine-rich troctolites from U1309D, like the serpentinites from ODP 395, 670 and 920, plot at higher susceptibility for a given density than alpine peridotites and lie close to the trend that would be followed if magnetite formed soon after serpentinization began (Toft et al., 1990) . We contend that this trend reflects the fact that the type 1 veins occupy only a minor volume of the rock, compared with the type 2 veins, which means that in the 1309D rocks only minimal hydration occurred in a rock-dominated system before open-system hydration began. This is consistent with our observations that even weakly serpentinized rocks from U1309D contain some magnetite (Fig. 2c ).
I M P L I C AT I O N S A N D C O N C L U S I O N S
Early, type 1 veins consist of antigorite plus Fe-rich brucite, formed at high temperature, and occupy pre-existing cracks in the olivine. Mineral compositions in type 1 veins are controlled by Fe^Mg exchange between reactant olivine and product brucite þ serpentine. Later, type 2 veins are zoned and can be modeled by a two-stage process. The margins of the veins consist of brucite plus serpentine formed directly by hydration of olivine. The centers of the veins (and the bulk of the serpentine) formed in a more open system where silica was available from the ambient fluid, possibly with contributions from the alteration of nearby plagioclase. These consist of lizardite plus magnetite that formed as a consequence of combined and oxidation plus desilication of Fe-rich serpentine. The two reactions probably occur simultaneously, with olivine-out occurring at the edge of the vein whereas brucite-out occurs within the vein proper. Type 2 veins record a large increase in fluid/rock ratio and, as implied by the presence of lizardite, a lower temperature of serpentinization.
The sequence of serpentinization reactions seen in the core 227 rocks is in full accord with that observed in serpentinized peridotites at ODP Site 1274 (Bach et al., 2006) . In both cases, olivine reacts initially to form a mixture of brucite and serpentine in a rock-dominated system. As larger amounts of fluid gain access to the serpentinizing rock, aqueous silica then reacts with the brucite to form magnetite and a more magnesian serpentine. Although the mantle olivine in Hole 1274 is substantially more magnesian than the igneous olivine in U1309D (Mg-number 90 vs Mg-number 85), the serpentine coexisting with magnetite has an nearly identical composition (Mg-number 95 vs Mg-number 96). In other words, the composition of serpentine coexisting with magnetite appears to be indifferent to the composition of the primary olivine in the rock. Furthermore, the two-stage reaction that was postulated by Toft et al. (1990) , and is documented in Holes 1274 and U1309D, indicates that magnetite, in general, does not form directly from olivine. This is consistent with petrographic observation at both sites (i.e. magnetite is not in direct contact with relict olivine). Taken together, this indicates that final serpentine composition is dictated by magnetite^serpentine, not olivine^serpentine, equilibria. This suggests that the desilication of ferrous serpentine is an important reaction in serpentinite petrogenesis.
